There are large increases in cellular levels of the polyamines spermidine and spermine in lymphocytes induced to transform by concanavalin A. The anti-leukemic agent methylglyoxal bis(guanylhydrazone) (MGBG) that in the absence of increased cellular levels of polylmines, lymphocytes progress normally from Go through G1 and into S-phase. Furthermore, these experiments suggest that the increased levels of spermidine and spermine generally seen in rapidly proliferating eukaryotic systems are necessary for enhanced rates of DNA replication. Stimulation of the rate of biosynthesis of the aliphatic polyamines spermidine and spermine appears to be an invariable correlate of increased cell proliferation. Striking increases in the levels of the enzymes of polyamine biosynthesis and, to a lesser extent, enhanced cellular levels of these compounds have been observed in a variety of systems (1-5). Although the general phenomenon has been well described, and a variety of hypotheses have been advanced to explain the role of increased polyamine levels, few experiments have been designed to directly test the role of these compounds. Recently, with the discovery of specific inhibitors of polyamine synthesis, a new avenue of experimentation has become accessible. Williams-Ashman and Schenone demonstrated methylglyoxal bis(guanylhydrazone) (MGBG) to be a potent inhibitor of S-adenosylmethionine decarboxylase (6). More recently, Snyder and his coworkers have shown that a-hydrazinoornithine inhibits the conversion of ornithine to putrescine, the biosynthetic precursor of spermidine and spermine, both in vitro and in tnvo (7, 8) . If these inhibitors are specific for polyamine biosynthesis, and exhibit no other pharmacological actions, they will be powerful tools to examine the cellular function of the polyamines.
the cells into mitosis are inhibited by 60% in the presence of MGBG. Several experiments suggest that MGBG inhibits cell proliferation by directly blocking polyamine synthesis and not by an unrelated pharmacological effect: (1) the inhibitor action of MGBG is reversed by exogenously added spermidine or spermine; (2) inhibition of DNA synthesis by MGBG shows the same dose-response curve as does inhibition of spermidine and spermine synthesis; and (3) if MGBG is added to cells which have been allowed to accumulate their maximum complement of polyamines, there is no inhibition of thymidine incorporation. MGBG-treated and control cultures initiate DNA synthesis at the same time and show the same percentage of labeled cells by autoradiography. Therefore, it appears that in the absence of increased cellular levels of polylmines, lymphocytes progress normally from Go through G1 and into S-phase. Furthermore, these experiments suggest that the increased levels of spermidine and spermine generally seen in rapidly proliferating eukaryotic systems are necessary for enhanced rates of DNA replication. Stimulation of the rate of biosynthesis of the aliphatic polyamines spermidine and spermine appears to be an invariable correlate of increased cell proliferation. Striking increases in the levels of the enzymes of polyamine biosynthesis and, to a lesser extent, enhanced cellular levels of these compounds have been observed in a variety of systems (1) (2) (3) (4) (5) . Although the general phenomenon has been well described, and a variety of hypotheses have been advanced to explain the role of increased polyamine levels, few experiments have been designed to directly test the role of these compounds. Recently, with the discovery of specific inhibitors of polyamine synthesis, a new avenue of experimentation has become accessible. Williams-Ashman and Schenone demonstrated methylglyoxal bis(guanylhydrazone) (MGBG) to be a potent inhibitor of S-adenosylmethionine decarboxylase (6) . More recently, Snyder and his coworkers have shown that a-hydrazinoornithine inhibits the conversion of ornithine to putrescine, the biosynthetic precursor of spermidine and spermine, both in vitro and in tnvo (7, 8) . If these inhibitors are specific for polyamine biosynthesis, and exhibit no other pharmacological actions, they will be powerful tools to examine the cellular function of the polyamines.
We have used MGBG to study the role-of polyamines in lymphocytes which have been stimulated by concanavalin A (Con A) to grow and divide. MGBG rapidly brings about complete inhibition of the biosynthesis of spermidine and spermine when added to activated lymphocytes (9, 10) . From the studies to date, it is clear that normal transcription and translation continue after polyamine accumulation is blocked with MGBG. We have therefore concluded that the increased cellular levels of polyamines seen in proliferating cells are not involved in protein synthesis or in the synthesis, processing, and accumulation of RNA (10) . Hence, in defining a role for the enhanced polyamine levels, our attention has been directed to later events in the process of lymphocyte activation. Specifically, we have been examining the effects of MGBG on DNA replication and cell division (11) . We demonstrate in this paper that blocking polyamine accumulation with MGBG leads to decreased rates both of [methyl-3H]thymidine incorporation into DNA and of cell division. Evidence is presented which strongly argues that these effects of MGBG are due directly to inhibition of spermidine and spermine accumulation and not to a pharmacological action of MGBG unrelated to polyamine biosynthesis.
EXPERIMENTAL PROCEDURES All procedures for the preparation and culture of lymphocytes from bovine suprapharangeal lymph glands, for isolation and assay of DNA, and for polyamine analysis have appeared (10, 12, 13 The first approach, addition of exogenous polyamines, suffers from a technical difficulty. Many sera, among these the newborn calf serum used in our culture medium, contain high levels of an amine oxidase active on spermidine and spermine (14) . The oxidized products of the polyamines are known to be toxic (15) (16) (17) and it was, therefore, not surprising to find that addition of spermidine or spermine to our standard culture medium resulted in rapid cell death. However, horse serum contains low levels of polyamine oxidase (17, 18) and replacement of newborn calf serum in our culture medium with horse serum allowed the experiment described in Fig. 2 (Fig. 3B) , and suggests that MGBG becomes less effective as intracellular polyamines accumulate.
The last piece of evidence in support of the specificity of MGBG action is presented in Fig. 4 In both experiments the indicated amount of MGBG was added at 24 hr after addition of Con A. The incorporation of [methyl-3H]thymidine (6.7 Ci/mmol, 5 ,Ci/ml) was measured from 45 to 48 hr after Con A. Thymidine incorporation is expressed as percent of the control in the absence of MGBG (11, 700 cpm/ug of DNA). To measure the effect of MGBG on spermidine accumulation, spermidine levels were measured at 24 hr after the addition of Con A (i.e., at the time of MGBG addition) and at 36 hr after Con A, and the net accumulation was calculated. The accumulation is expressed as percent of the control in the absence of MGBG (14 nfnol/mg of DNA). The interpretation of the physiological effects of MGBG is complicated by continued accumulation of putrescine in the presence of the inhibitor (9, 10) . At the time of initiation of DNA synthesis, 24 hr after addition of Con A, the anticipated cellular level of putrescine would be 2-to 3-fold higher than in the absence of MGBG. One cannot rigorously exclude either positive or negative effects of this increased level of putrescine on DNA synthesis. Thus, the 40% residual rate of thymidine incorporation observed in the absence of spermidine and spermine accumulation could be due to these elevated levels of putrescine (see below). Conversely, it might be argued that the excess cellular putrescine in the presence of MGBG inhibits DNA synthesis. Very clearly, these potential effects of putrescine on DNA synthesis should be investigated, for example, using an inhibitor of putrescine biosynthesis (see Introduction).
A possible involvement of polyamines in DNA synthesis has been suggested from experiments in prokaryotic systems. In putrescine-deficient mutants of Escherichia coli, there appear to be abnormalities in both chromosome replication (20) and in the synthesis of phage DNA (21 6 Go through G1 and into S-phase is not affected by blocking the synthesis of spermidine and spermine. This is consistent with our previous conclusion that spermidine and spermine accumulation in this system is unnecessary for normal RNA and protein synthesis (10) . A point which needs further comment is that DNA replication is inhibited by only 60% in the complete absence of spermidine and spermine accumulation. One interpretation of this finding is that polyamines are not absolutely required for DNA synthesis in mammalian cells. Another possibility is that the basal levels of polyamines present in unstimulated cells are sufficient to allow DNA synthesis to proceed at 40% the normal rate. Either of these interpretations imply that polyamine levels cannot be playing an absolute regulatory role in initiating or terminating DNA synthesis, but can only modulate the rate of progression through S-phase in lymphocytes by a little more than 2-fold. A third possibility arises from the fact that putrescine continues to accumulate at a greater than normal rate in the presence of MGBG (see above). Thus, at 48 hr after Con A addition, the total micromoles of cellular putrescine, spermidine, and spermine are similar in the presence and absence of MGBG, although the relative proportions are radically altered by the inhibitor (9, 10) . It is possible that the expanded cellular levels of putrescine could fulfill the proposed function of spermidine and spermine in DNA replication, albeit at 40% efficiency. The lower efficiency of putrescine would presumably be due to the different spatial orientation of positive charge in this molecule as compared with spermidine and spermine. If this is the case, blocking the synthesis of putrescine, and hence of spermidine and spermine, should have much more profound effects on DNA replication than those observed with MGBG. Thus, the possibility is still open that polyamines may be playing an all or none role in the regulation of DNA synthesis in proliferating eukaryotic cells. 
